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Tlic proLl'..u iiiv..lvfcd in this in%’'t sti^^ ticn v;~^s 
to cl^L‘.-i-uut. tliti cacjructdristics of a ayLtwi that voulu 
i i rfctively control tno settling chai bor pr--obur_ ■•fitbiri 
-or to in arbitrary li.aite. 



The study v;ao c.. nnernob. onl^ vitJi oi.-: partica 
-'- ■I i/iS tollat ' on , Ho\xv -i' , thf. nothoi-o oiuploycc. ri.julti 
l'< ap .lioablt, to iu.y si lilu.' proble. 

As a result of trJLs liuv'st 1. .. tion it .*ay l<- 
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.■'on'-luo. eb tdot pressuro control tr, -nit »ln ont poui.d per 
30U.-.1 e inch eiay bo ol tniiiod A’ithin oppronii atoly on., 
fjeocf'd. This ascm.oo u c ust of oci v ). ifcnoni.”-,. in 
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This inv-stl^-ition ’ as Coi\dactea in tne 
^ a’' 'I’citonic-s oT the ; iv. ut leal mx^ixieerixi,_, Depa 
■hent oi the Universit:. cf r/Ticiii^aa bp F.N. Kanaka 
anc D»B* Rice* It xs 3 u.c*j1x ttee as a thesis Tox* 
crtdit towards the dCjjree or Master of Science. 
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Tlie pro.jleii tc ':-o .. r . - s ti tO'l u tii*^ o.ji-’.rol 
O’ e ir prci;Gare if tic o-ttlin^ c I'j of o bl O' - 

oo'n\ »ririd tunnc-1 . Taf' r wii-c; tunin: .i, to oo 

stufi'.d is ulr'-tdy last' lit*'- la l.ic base Eajinecriny, 
Eail '-ii-e: of tlfe Uiiivefsit^ oi' M.' at 
IvCiciiit^an, /i piiotuyp’t pi) oP U c Install -t ion is s .on: 



■n Ficuro 1, and so; o of txic ply sicel ineasurt, len.ts 
are in Table I, 

The principal coiapenents of tht v.'in.i t'in.’'el 
are the storayt tank, tae driars, t" - in icl.-opcnin^ 
W'lve, the control valve, tiu S' ttlinj the 

nosnlfc aiid oif fuser, -jed t' a control systei. . .ilr 
pressure at about 95 pounds per so-iare ineb yade is 
furnisned by the biiilfi/a^ uii su^;ol.' systc.a. 



The perfect control syste.i in tliis cose, v.col 

♦ 

be one ti;u t ’nould ..lOasare tl;-.. ihstantaijieous air ^vves- 
sure in ti!.e settlirp, ci amber , co.s'ore it v/ith the de- 
sired pressuro, and tnon actuate ti.e control valve oo 



d 



ti.at the pressure would "or ft exactly tn 



ciesir€d pressure ir. an arbitrarily shrrt poriou of 



tii’o. When the v;ind tu.onel is eMployed for supersonic 
juboratory tests, the leny;ti'. of ilov-own runs vary 
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to c'jout soi.OiCi,:. Tx i;3 v^i.'it.tion 
lifcp ads prim?arily upon t-o ■"ilL’e o* zi.e desir^tcl pres- 
sure in Uib sx^ttlix\p chcti-ib-.-r , px:.vidinj^ the initiul 
3up_'ly tank pressure is coxxSt'jnt. To rcako ..laxlna::, 
use of this short ti..xe, it is desired that tho pres- 
sure te stabilised within on^:: second. Fro'ii exper- 
ience, it v;as decidea that ccrtrol of the settlin£; 
tenk pressure to v/ithin plus or 'ninus one pound p-.r 
square inch would be as close as would conceivably 
be rotiaired in the laboratory. Theiefore, the 
arbitravry £,oal set fer the control systen is to re- 
duce the pressure error (instantaneous settlin(j 
chfr'iccr pressure lainus desired pressure) to within 
plus or ainus one pound per s-u.ure inch within one 
second. 

The present control systen ins tallat ioxi is 
of a type in geixeral use in the ci.emical industry for 
te'eperatur e control and was 'Tiodified for ttxis pressure 
control application. This installation is not satis- 
factory for this wind turniel i or several reasons. The 
primary reason is that the pneumatic p;ortion of the 
circuit is such that the cottrol air presaui'es are 
too small to :oove the diophrae;m actuated control- valve 
v.'ith sufficient velocit.' to ^ive close control of the 
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3ettlin.i_ chamber pressure. v»itu the ccucrol s/stc'.. 
on ”auto"idtic " , it re^^uired 20.7 seconds for tne 
valve to open fully, and 13.5 seconds for it to 
close. Increasing: the contrcl air pressures v<ould 
involve very extensive revorkin_ of tne pneu.aatic 
system and does not appear to offer a substtuatial 
ii'TOro vement due to the presoure limitations of the 
valve diaphragm. 

In view of the above, another metnod of 
pressure control has been investif^ated and made the 
subjert of tnis report. The employment of an electric 
motor to drive ti^e vtivt stem txrouglj a gear train aixa 
rack was dec-ided upon as a likely possibility for pro- 
viding valve movement, this riUctinery to be the load 
for some sort of servoi.iechanis.,i. sketch of this oro 
posed arrangement is shown in Fi^^ure 2» 

The .uethod of investigation Vvas to determine 
the forces that act on t.^e valve end of the valve stem 
and tioE n to determine tiie control forces necessary to 
overcome these valve forces and to move the valve to 
a position corresponding to tixe desired pressure in 
a stable n.unner vdtl.in the ue sired time lixalt. 

The major tool employed in this study Vvus 
the e]ectronic differential analyser, {electronic 



< alo;. coaputtr ) '■>.) I:- v»ill to rc'fnrreu to hero<.'t't' r 
in t. is ro'ort tuc "o;. ; Ii.fcz'uJ.tioG cog- 

cerniii^^ this cck.i_;utoi . .a^' be i'ouiii: in faiences 
(<-) . ( ^) , (c) , (d) , atio (e) . 

<ii ff arc nt ■' al o,xatiur was dev*^^ loped vjii^ii 
e-ito-. its ti.e forces tuat act on val vt- . Bi .aanint.' 
use of tiiC various functions of the operational ampli- 
fiers, which constit ite tlie coiiouter, Icr sign changin^, 
multiplication by vi const'-uit I actor, integration ~.nd 
suj'-mation, tiio differential equation was duplicated on 
the coiiputor. The voltages at various points v/ituli* 
the co a’ uter re; resent tJie valu-^s of corresnondinj 
functio£'-s ■■vithiu the equation, and trese voltages lire 
ltd r/’U’Ojyhi a Brust- direct curre;..t amplifier to a 
Brusa r'ia;^netic rccr.rdiug osci 11 o^>-a ph, or recorder, 
so that the variation v.itn tLie of the various funct- 
ions in the equation was recorued on tape. 

This investigation is 11-nitod to one 3x>eclfic 
\.ind tunnel. The methods used, 1 o^i/ever, siiculd be 
apqlicuble to other such systems. *■ 

This study was xuadc durin;^ the 1949-1950 
sciiool year in tlie lubv>ratories of the horonautical 
Bn^ineering Depai' tniont of the University of Michigan. 

The a itl'Ors wish to acknowledge a-. a 



Gx ress apx>recia tion 



for inveluablc. gaioarxe au'i surjgest ions c.'ivt.n by 
Dr. I .1 . Rauch of the noronautical Ln^^ineerin.s Depart- 
'ne nt . 



PRCCEDURn 

WD-II) TnRr.L D.^TA 

Thw v.ii‘iation of settling chamber pressur*e 
Vvith Vi'lvo posit ioj'i as snowi in Plate I was found by 
presettin,!, ti^e control valve by uanual luaans to various 
-lositioi.o and ttxn reading the iiaxiiiu;-! settling; cnajiber 
pressure reached \idien the ;^uick-openin^ valve was opened. 
These values were read fron a servo- type electrical in- 
dicator v^hicJi \'/as actuated by a differential transforiuer 
attached to a tourdon tube located on the settlinc cha/n- 
ber. The initial tank pressui’e was constant for each 
set of runs. 

The coulorab or dry friction and the weiyht of 
the jTiovini_^ parts of the valve were determined as indicat- 
ed in Figure 3» forces rieasured v.'itii the valve barely 

i;iovinj_, up were weiijht plus friction, and with downward 
motion tiiey were v;r,ipiit minus friction. From this the 
weight v/as determined to be 10.3b pounas and the cou- 
lomb friction to be 1.23 pounds. 



f - 



Lift forces oa tne valve due to air pasainr 
throut.il the valve were Pleasured by usin^; ape)aratus set 
up as in Figure 4* plot of lift forces versus valve 
position is on Plate II. 

ilo attempt was aade to .Measure the effect of 
viscous friction of the valve. The force necessary 
to start the valve xnoving very slowly w'as about one 
pound greater than the coulomb friction force. This 
force difference is sometimes called '’stlchtion" . 

CCi/gLN SATING FOR IHE LIFT FORCE 

Referring to Plate II, it v/ill be noted that 
the lift force due to the action of the air passing 
liirou^h the control valve has been approximated as a 
linearized function of valve position. The weiglit 
of the valve and ste.a will cancel out 10.36 pounds 
of this force. Hcavever, this still leaves a large 
force to be supplied b..- the control system when the 
valve is being operatea near tnf fully opened position. 
By adding a six pound weight to tne valve ste.m, the 
lift force is balanced by weight w.hen the valve is 
one inch, or two-thirds of the way, open. This six 
pound weight is shown in Figure 2 i. s an addition to 
the weight of trie valve stem. It will be noted that 
when the control valve is fully opened the uncompen- 
sated lift force will be six pounds. 
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7ro!a :i;i . t '..t ion I, ’.ich i. ’c.,; ed i^ p.rt on 
: rcagh •. Eou-oj-ti-.n of ocei - r . i i n . , oo joi-r r ^ 

M^nt.' f )T ^ ;.iotor t ; drivr- t' t c ircrol o-i.lvc oro fo-^nd 
to be 0.000564 Hr . i •,ervonct'-,'r oh;.t ; ould dol^vor ,bj- t 

f 

10 tine,, this horr.e;. » t-r r t ■ ,xi/.' u* output ’./as tor.tutivo- 
ly ...elected. Thi.,- the 1, -.vy type COi 211C32 
aotor fox’ xio.ich the cf.nio ctcri -tic c rves are sh-'c.n on 

III. If gcai-ed o- thc.t the h;or ;ould i.ccel rate 
to .2000 rpn in 1/2 ctc'>nd, it f >und t'n.it- an tv'eragt 

force of 20,5 pound , ■'••ould be ext;rtcd on the vc Ive stem, 
varying frora 23.$ pound? at tero rpr.i to 15.3 pounds at 
opoo jt \va . e^.tinu tv'd tart th.e forces involved 

•/ould bt belov/ these f-’g’.n-es. Ilie gear ratio necessa 'y 
to obtain the average f 'lrce i .■•> 6?. 7 to 1 , that is, the 
gear that drives the rach should turn ojxe revolution 
> 7 h.ile the ...otor t”.Tnc 6 ?.? revolutnonc. 

..fter a sxjjtl.in to t!' e pr.'blea './as -.bt^-in d, 
it ' a. ap’''orent b....A = -.otor -..hicb could exert . grs.t^i 
toaoMo ’"oxild be dr ,i x bl a in tac' int ex^es" ■■ a larger 

. 1 . rgin of -afety. 3^ Jifpl i' -vy t’ oe d h\ 2.-..1426 or 
211454, ■W‘'’.ich. '.fcic f-’und t - ir.vt -'boMt, do .’by. r pvx'er 
output of ti e origin.:, i ..ot -.r, ■ t . C;‘ 0 ’'en. .1' ..x"' c"^ rr- 

ictlc c’jrvt for thi •; l it...v a j r, ai o\aa on Flat'.. I'. 



Ti:^ D^x-r’^R,LTI.,., L .Tl' .r 

Tile xorccj t'.*; ■/•' _ V6 stoji v«ere suiintii Ur' 
in n differential e.,uation au xollows: 



+ + Kxpe + ^3X,Pedt + KHRi =0 



Vi/lie r e : 

X is valve position in feet .a,easured 

< 

frc.i cloLK-a’ to open. Full valve travel 
IS 1.5 iucues for this valve. For the 
coordinate systeia, see Figure 5. 

2 is the uass in slu^s of the noveable 

valve plus the six pound \;ei^nt 

previously irientioned. 

2 is tile instantaneous pressure in pounds 

per Spun re inch in the sett linn chamber. 
P is tne desirec pressure in pounds per 

spuare inch in the settlinr chamter. 

?e i'^ ['rss. ure error in pounds per 

s-iuare ino.' in the settling chanber, 
c r ( p - 1 ) . 

£2^ is te- '^ouloi b friction force in pounds. 

X is a unity tcia-. venose sign furnishes the 

1A| 

direction of the couloxnb friction force. 
^2 is a coefficient of viscous friction, 

V'ith units of pound seconds/feet. 
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ii]_» ilo 11-^ corijt.nt '' •'/Lic’.i \;her railt i,;li cd * 

'oy bf.f "^0 I rcspcctivoly 

•'O 

reprt: :t tie f. * ..r.'j in pounds to 
be supnlied to the control vclve 
ste;n b}' the c:>ntrol i lochtnis,!. 
io j disturbing force in pounds on 
the v.alve itself. 

In oi' ier to reduce equnt ii.n (1) to o function of 
one vra’i..ble, the relation obt ,ino<i froru Plate I is used: 

( 2 ) 

p = n. -t rij-A 

v/here is the ordinate ,,it x = 0 itnd ri 2 is the slope of 
the line, i o.ef erring to Plato I, 1^ Is seen that equation 
(2) is valid only far the poi't-ion 'if ahe carve celov? a 
valve opening of about O.S75 incher. The nornal operat- 
ing region for the control v: Ive is in the straight line 
portion of the curve, therefore the linoanr relationship 
betVv'een settling cha. iber pressure and valve openi.ng v;as 
used, ^’hus fron the above: 



P.= p-p 



P. = P = 


Pe/Hi 


iu) 


p‘e -p = n,x j 


«• 

x= p,/n. 


{■) 



•jubstT tution -f ih) . nd (?) ^ rt ' (1) giv<*o 

' th ?-A’-2 • 



differential equ-tion 



t 'c v'rrirble 



( 6 ) 




By (iefiriint; K’ as ic , K u as k and K n us k . 

12 122 2 32 3 

e-^u'ition (6) becoues nor« siiaple in forn: 




Tie vari'~'as t<s;x':!is oT fit aii'ferens kil *. aa ..iOii repr'^s-nt 
physical effects us r^llo^VH: 



n 




r* 



# 

D 

* 6 





1 





is the effect of tne .itss ..>f t^e aovinp 

niirts o'' the control valve pies ti'e si:: 

pound oomoensut in^ 

is the cculo.nl fiiction force, of 

tide lUcu in sica accord Inj to 

0,'ifc sx>,n of o f 

‘ e . 

is thfc viscous friction force cousef by 
the notion of toe control valve, 
is th(" 'erivative tern or tiiO erroi -r - 1: 
viscua.s donpiip force to be supplied to 
tie vilve st'?,£i b^ the controller, 
is ti.o et _^'.c o^-or ti onal forc^? to be 

sapplicL bj t'..., controller, 
is ti:e loXe ,ral control force to be 
sujplicv. fjy t o controller. 
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Fi ?j is a disturbrn. f ji'ce acolied to r. !'«, valvt 

4 d V. . * 

stem itsolf , .,nd uay represent ti'C unb Tr.nced 
lift force n tb'^^ /;-,lve v/hicl' '.n.- ’"-eviously 
disci" ed in t’-’is section. 
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beutition (7) is th< epnation vdiicL reure- 

.icnts the sy-ite.i of forces w) ich s'uaaed at f'e vnlve 

"tern, i’wo solutions to tbe equation were obtained, Co.oe 
I, in vmich the tern and tlie tank' pressure during the 

run v/ere kept constant, and C^se II, in i;hich the 
tena varied with the valve position as shoivn in Pla.te II, 
and the tank pressure decreased ndth ti. le during the run. 
b/hile Case I does not accurately describe the forces act- 
ing on the control valve, it i.3 simple, and its solution 
gave the a'lthors experience in operating the relatively 



co'-ipli Gated computer. 



The actual con'>ute''' circuit for Case I is s'lown 
on Plate IV. It \;ill be nctcd t the invariant 
tern is cL.iulatcd by a con.otaiit voltage fed to the sun- 
ning point through a one iegohra resistor. The ■'‘nitial 
conditions for the equation were set into the apparatus 
as follows: prior to zero tl.ie, switches A, B and C 

.■ere closed, so that the condensers across anplifiers 
and C were shorted, and could lave no initial charge. 



It is evident that this c^naition ^-ust prevail siiice 
both velocity ana intenm-*! coutrv^l i.ust bt; zero at 
zero ti’v . Th*-. c <ndense_- across aaplific-r 4 v;a& 

iuitidily cnarjt d up to ti.-' v >lta_t of battery D, 

'Aliic.li has the effect of a_.plyln,_ -ui iniLitl value 
of Pp. at tiice e.pual to zero, HuiiS ’.'ere started by 

clo3in=; the throe sv;itchos sioultaiieously . 

It was abSiuaud tiiat i.n the operation of the 
wind tuni.el the c.ontrol syste.L will be in operation 
before the iulck-- opening; valve is opened. Thus v.'hen 
a desired pressure input is introduced into the con- 
trolled with the auick-openin^ valve closed, th*-: con- 
troller will Oi>on the valve tc full open position in 
an effort to increase the settling cheiabcr pressure, 
V'jiich of coui'se will regain et Zero pounds per square 
inch iupe. It will be necessary to lecp the inlejarc.! 
Ov..ntrol fron operatin, prior to t.ie opening of the 
qu ick-openin.y valve. Failure to do this would build 
up a larqc int control .force, h/jeu Uie quic;.- 
optning valve is opt-neb, txio settling chasebu preo- 
oui'e reaches its ->.ni/iiu.rj. Vulu*- ir; .j short tine. 
to is prolle.-, it is assain'- . t'- ut tj* tin" repuire..^ . or 
the opening of tie _uich-c c Ii^ Vv.lv- unu for ti.a 
cct'^lin, ci.a.-;ber iioscur-v x:l^e to its ii)o;xliiaa v.^lrt 
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'ctuul v.rcitle;. , ho’vevcj, is sL^olif:. tirou^i^i arc 
: i fc, '. i s i. s 3 O!' ipt ion. 

In Case I, as saen in I’ l i. res '] tlirouj^h 12, 
tiis initial value of ti e oi tho t “r..i/p^\:c 3GC 

InJ/ 

is nlus 30 , v.hicia corr'-a,""enas tr an initial value of 
of 35 . S psi^ when n., is 331 I'Sin/ft for a. supply 
trrJ- pressure (p^) oi 93 pai^., T.is value for in- 
itial _i;ressur-e upsat is ■- n:ut t;n auxijjiix, tlAcit \;ould 
be ercoantered under actuc.,1 o^^'eratin^ conditions 
the vino tunnel. This is accounted for by the fact 

tt at ti.e sottlin;_, CAa...l)er pr'/soui-e . ast ' 0 ^ abow j. 

■iniuuL'; of 52 psi^ for •.» supers ..uic oo-e-free flow 
tiVrou n bdo noszie tost section won '’dii'ruser ” 
i? in ,;lace. 

Cn Flute 7 is tr._ circuit ui fur Ix-e 

0 - ..-ucar for Cas*- II. l.^ii-tion {''’) is laodifieo .or 

t.iis cut V to take int a-'.va t t • ''criot.'Oi; of K P 

4 d 

■ iti t/c Cvontrol valve position, vi o p] ate II. 

^ J 



- 11.88 - max 



(C) 



- :5 - 



■A 





c.iic..ticns (2) ani. (j), 






( 9 ) 



Co;:Linit.^ e tl ons (o') aXia (9) 



K^Pj = 11.88 - - IME + IH^ 



( 10 ) 



Tnua equ&tioxi { ,•' ) ia ■ odlfi a 1'-a- Case II 



^ak) 






( 11 ) 



To aix:iUl ut-j I’uduc^'.lor ol i.e tau'-c pressure 
a run, all the ter .s tiiat caatuin tiio cocf j^icici-t 
n- .Tiust be variod wiui ti.ae, Cr. r'late VI are plots of 
, n^ aud n /ii r'ersus suxjply tan.^c pressure wuich vare 

* ^ ..X. ^ 

derived fro-n Place I. On Platt VII- are found plots of 



p / p for the supply tan.‘- virsus t ixiie and 0~* ersus 
t t 

tine for t-.vo different (Tj , eith cr defined as tie 



ratio of initial storage tani: prrjssui’s to settlin^ chani- 

bor pressure, or(p. /p) ^ , la can be s-' a 

tx abs 



16 



iuals 1 . 25 , the oi‘ tno xdx irf 3.5 s*-.conds. 

This apT^eers to he about .jS severe a cuse of j>res- 
saie drop as would be encouiitered in actual operat- 
ion of the Vv’iad tunnel, -'ssuxaini^ an Ixiitial tank 
pressure of 93 psic and a cr* of 1 , 25 , it follov^s 
that tiie desired settling cl tuvber pressure is 71.5 
psi:;, and the taxik pressure at tiiC end of the run 
would be about 75 psid* 

voltatje to cive an initial of 21,5 
P^ioi which corresponds to a desired setolinp ciari- 
b'-r pressui’o of 71.5 psip was introduced into the 
co.uputer circuit by ueans of, battery D as indicated 



on Plate V, bwitcheo A, B axid C operate in the sasie 
xeenner as described for Case I. 

Referriny then to Platf. VI, il tne tank pres- 
sure '..-ill drop froia 93 to 75 psij In 3o5 seconds, then 
r ^2 xaust decrease fro.'n 594 to 512 psi c/foot and 
must decrease froxu 0,0^'d'7 to 0.049 feet durinp the 
sexae time interval. This vai’iatioxx was assoiaed to be 
linear with tixiie . Fiox:i Hate VII it can be seen that 
for a sxjiall CT* , the variation of p./p. with tirae 
can be anproxixnated by a strai^Jit line, so that tne 
above ussux.iption is nearly correct. 

Referririij to equations (6) and (11) and to 



- 



I2ctc V, it is K.-t c t. t tit tv.r i;j ccfiti-.in 

t wiT'-cc rio or ti (.'iihl.' t;' f. c tor iri the., t'-rns k , ): 

i’ 

uiiu ic, of tho clif fe,rer..tial eciuotion. Tiius, by vary- 
iny til. v..'lty.(.,e outj..ut of Uiolifltr 6 i.u .iirt et j.ia - 
portion to tht val. uc of trie vurl itions of kT , k-^ 

ou'J ti'Ot v.’ore cuuseb oy the urep.^ini^ of tuih; pri.o- 
ourc Vv'ere siriulobed, 

>dso in equation (lly , tao tor;.a> lh2p/n,, 
and lU2a^/n^ were varied vutb tirie. In this ca..ae, 
k vj&s talcen cs 71.5 f^'ic os was pr';vioualy d.erlveu. 
Then at zero tL.e, h-.e two ti.i‘ us \,ere -17.1 and 8.3 
volts repectively, and at zero ;..o seconds, 

they were -19.9 and 7.0 volts. 

Ictentloae tc rs were enployec as in rio.te V 
to vary siiaultaneousl^ the vrlte^as described in tlie 

t 

ih.'ovo tv-o paragraphs linearly with tine. The tnree 
pot', ntioi.re t'^r s v'ere aiarany'. d in tonde.i on o siiiyle 
shaft, or "^£;ni_,ed" , so that such control over the 
effect of tank pressui'e vtriati..in could be siraulrtedo 

In addition to in ■ ecrin. ; as a coefficipnt 
in several of the teri.is of ol.e dif ferential ehuation, 
the factor .02 also ay pea.: s as a yart of the variable 
Pq /^^2 derivative .nu iriteyrtl ter.'as, IJo 

physical operation durin^ the runs wi’S employed to 



13 - 



vry t, n- in tJ.if. vur' .1'-. lus lix^or vji- 

- Lion .vitii tix^e vas taken into ue.oout.tt in evuluatiuj 
ti- £• ordinattjs of tko v/:a’ious fu notions oi' tho vui'iublt 
fr: . tto recording tape. 



dui/rs 



O Xo w dOh^XOlNf 



T'.ie tine variotioxt of the various pertinent 
teiuas of the differential equation, as obtained by ase 
of the CO aputej', Is stjO\/n in FiijUies 7 tnrouyh 12 for 



Case I, and in Fiyiircs 13 thi ouyh 17 for Case II <, 

Values of , Jc^ -iv‘. ■♦'-re chosen experi- 

'cntally s> ch ti, .t the pressioie erior decreased to a 
n-.'jli^iblc a;.*ount in tht s.rrt -st possible tiae vith- 



out cxciedinj the ullo\»?alle fc. rct-s tliat the not or is 
'•..nuble of truns.rii ttih^ to t:.. vuj ve sten. The values 
of th-' rfesistancos l/iCT , l/ n 'oi d that, were used 

X 1^ ^ 



in t;,c solution of t.h di.t fe 'utiol equotioe for boUx 
are fotua\ in fa le 11. .ds^ i.'- f is tabic, aj'e 
the Car . c-spondii.,.;. values of t!i c cf 'icieixts 1: 

and . These coefficients, 'ixeu aultiplied by tixo 

rt 

: ns Lantonoo US values of ; , o ojiu ( p dt respectively 

* o * e Jo e 

huccrite the forces plied to eue valve stena at ar-j' 



f 



LiiStaii. t ci tiAii.c uy 



t-it 



lei’iva tl /t), control, proper 



t uf tl. p - 



c atrol cind inte,_,r'l c ntr. ' f' 
r ch- nic! i . 

'•'o atteiipt ^!Ls to cU-si|^n and build .a 

arvo.iiochanioii f or _ thin cont.rol oroula • aue to ti.c 
tii:u- li.'aitationc . ,-;tpp ■ \iero token to ob- 

tain loterials and couipm'nt to -ard thi i '*nd. A 
C-Utrol v-oTvc oirailnr t* tb't propr-ntly instulltd, 

- . ee;. i.'i Tiyure 1, and a orrvoaotc,!' , the chcr.ctf.r- 

i'^tic 'nf vnicA ore uhc/n ti ?i te lA, hove been 
prjcured. It is planned th t ti.o pn-oject v;ill be 
carnned t '> conpletien uainp; tn£3<. itei.is and the 
re'ulf- this study. 

-'•evj.ilt.o of the Gaoc^ J solution is obtained 
froi' the Vii'iouo -ush recorder tapes are oo foilov/r: 



'I ui' 7(a) 



(b. 



^isure 7{,i) 



i. xi xj. 1 r-piP: 0 n't rol force: 13 Us 

a’’ i ->0 teici; c. i control force: 3.3 Ihs 



p, -nitiil: 

^ r- 

at t = 1 O' ccrd; 

- e 

p .. at t 1 . 5 a econd s : 

0< 

D at t = 2 sec aid.. : 

* e 

at t = 2 . ' conds 
"■oulo.i’: frictif'm v.ries 



35.7 psi 
3.C p^si 
O.C psi 
1.2 psi 
C.O psi 

fron +1.23 Ibo. 



b-. - 1,23 lbs. dtp 'ndin^ on th^ direction 
of ‘.’otion of the ’'olve. ’ ouevci , at 
about t = 0.7 sec >!)1 , oo.iplifii-r 7 



<ap '.-ai'ciitly iail ^ sutu'ttc, .sr t- 1.': 
ter.n ic ir; or 'cr tiiul ti It 

^’ill be si ov':' ; tin, couloab 



fnictioxi effect i ^u’exatively \jL 





coxopar 


'-•d 


to 


tae 


C tut,;.’ 


el fee ts . 


(b) 


T'.is 1 


s t 




sa 


. tl uCc 


uS F e 7 ( o) , 



ariO was ii*cluo I iv^* tXi,*s, co,'a*cii'i3oris * 
sx' 9{a) nlaxLiu;,; required coi-trcl force: 8 ibc>. 



Required stuud,. stutv,: control 

force: o.plbs. 

Tnis j-lot Ml - Fi;_ure 9(b) wex'e included. 

only as a :;it;ttax of int<srcst. TRey re- 

cesont ti e ca.diticn in \-l icxi t.xc K P 

U d 

ter ill is positive. This would corre.:i- 
pond to a lift force on tue control vulve 
in tl.e positive or do\xn cirectioj. d icb 
V.-. 3 op; osit< to til'- lif^ force 'ieusu/- 

► 

T'Cl . 

(b) p ini til,.!: 3f*b uni, 

p at t=l sec'iiici ; x.i, :si. 

■^e, - 

0 (it t=1.5 secv.*. xs: e,9 'Si. 

* e 

UT’C 10 

(a) ( ^ ^ lahn = (x ) iiax. 1.1 ft/sei, = i,. inil./scc, 

.aax Ht v=0..'r second: 653 psi/sec. 

at t=l .sc-von' : 



.1 - 



iic 1 j S I ole 



(b) 

Figure 11(a) 



(b) 

Figure 12(a) 
(b) 



This is tiie su. truce cS rii_ art, 7^b) , 
and wb" incluQ-d for tiiat co*ripti risen. 



Refer tc) e»^u£.tion (5) for the above rc- 
lationshii). The iXiximuia acceleration 
occurs at zero time. It vdll be noted 
that the effect of tiie coulomb frictioxi 
decreases tiie acceleration sli{;htly when 
the velocity chandos direction. 

This is also the same trace as Ficure 7(b) , 
and was included for tii-ie coAmparison. 

This is the same trace as Fi^jure 7(a), and 
was included for tiice comparisono 



It is noted that in the steady state the 

only control force actiix^ is that VMich is 

'due to integral control. Comparing the 

steady state integral control forct. of 6,Slbs, 

with Uie steady state control force of 5*3 

lbs, from Figure 7(a), u discrepancy of 

1,5 lbs. is found. This disagreement is 

nossibly due to tixe fact that p and p 
“ e e 

differ from zero by a small a.riOunt at the 
time selected for steady state comparison. 





O 



7:2 - 



The Bru&L 



recoi’'. 



tapes oh Vviiicli tiit solut- 
ion to case II v’as record«^d avo Inforjn -tioa ts l-t-lnw. 

It saould bto re*ae.ulv;red tn^t oruinates tiit t Cv^nt-in 
the factor in the depandent variable »au 3 t be correct- 
ed for the variation of n 2 with tine. Plate YIII, wiiich 
is derived fron Plate VI, is an aid in determining tiie 
value of U 2 at any tii.ie t. 



Figure 13(a) 



(b) 



Fi^_,jre 14(a) 



nazimum rei,uired control force: 44 lbs. 

Keiuired steady state control force :13 lbs. 

21.5 psi. 
u4.5 psi, 
3.4 psi, 

negligible 

The coulomb friction force varies in a nanner 
similar to th^t of Figure 8(a). .mplifier 
7 apparently failed to saturate at about 



p Initial: 
e 

p^max at t= 0.75 second: 
at t = 1 second: 
p at t = 1.2 seconds: 



(b) 

Figure 15(a) 



(b) 

Figure l6(a) 



t= 0.6 second in thi^s case. 

This trace is identical to Figure l>(b), 
and was included for time comparison. 

(Pe/h 2 )i!iaz = (x)max: I .3 ft/sec =1.3.6 in. /sec 

(p^)max at t = 0.09 second;. 77 c psi/sec. 

at t = 0.6 second: negligible. 

This trace is identical to Figaro 13(b), and 
v/as included for time comparison, 

(Pg/n 2 )max = (x)nax at t = 0.0 second: 43 ft/sec 



Ti-J Siaall e "ft ■ t of v,->ulu"’0 frictiau is 
aot-'^d in ti. is '.••ace also. 

(b) This ti’ace is icl-nbicai to Fiiiure 13{’,), 

f 

ei 3 'i - ’ j '"=•-: 1 for ti/u • ooro>arl;-or. . 

rt 

Fi ’art; l”(b) Ma;'.i c.inrt ( 0= at is at t= l.f stco*.'-is: 1.15 lb . 



ELLCTKCiaC LIfF^Fx.i:TI.d. ;^bJL..^oR DI "llf" 



Co.anlicnt -- 1 circuvls ‘-.ioulcl n;.-t ae ett-'a^tcc, by 
ti'ose u'if ati'.iliar v-it. at-- o_'t:rc. t icn. It is jtc-. 

'Tiended that 1 siziplifl-^a \ of t/xe probltnu be solved 

i'rst, so bb'^t Q dppree •. ' "ooii li..tr itj' wits tne oo-a^ilex- 
ities of tbti oojflputar c le obtained by tie operator 



before proceedint, to aora 6 . iffioult ciiouits. 

Tbe usual notbesiutical xaetbods for solving 
second order differ .x;tial O'.^uations such as cor tainad 

’.a trds :epo:.t vxould rov- to be yxtrexoely labo.. ious ^ad 



tine consuffiint,. Cn tao other hand, tiu. computer senas 
to be an ideal aeans for obtsininL^ sue., solutions. Ti.e 
. .ost difficult part of t.*e •, co ■ jr : Is ahe st tl-inj up 
j *7 the et^uipnent to duplicate t.ue eauaticn. Tiioa the 
values of ti;C constants are cbt-iined a trial and 
crrr'r procoss, notiii, tuu rosp;,nse of oac i j.lOi_rafh, 

'•i.en s satisfuatory s n s l-rt-n obtuixitc, the 



0 on stunts ’ *' i o l c 0 1 ■ s ' .‘U 



h - * 



5 rtiS i8tj 



4ro'a. 



an 






la j>lvea, T cuubt'-ats tlius t'.e tor L*i 
u t , to ^l -3.ijn ini ooptrol sy^it^^rn. 



Resiwtoi-s and Suortin^ Oc,^s iTiOuntod on 

^tneral Radio type 274 - M double plu£;s vvnicb fittou into 
tde i-oi'jninalo of the if j er s . Lrrutic results from 

tijie to tine were finally traced to the looseness of tns 
aochanical connections bet\ e«n tiib resistors and plu^s. 
Tine can he saved by chocnin, these cormectioxiS before 
■'nsertinr tne plug's into the aicpliiier terminals. 

Tne 3:,'inlii'ier s us*, d are of an inoKpensi/e type 
ocnstructea several years aye and must be indivldaelly 
1 alonced for zero outj'Ut. .■Jlc,ii:._ tjxe cuiiplificr cults 
to -■■-at up for a lon*^ ptriou of ti-ae has a favoruble 
-ffeot on maintaining balance. It is reco.niiended that 
tie tubes bo allo'vee to o^erott overnif-^ht if possible, 
hco.a te. ipura tare xuid hu^rddit;, alsa effect balance, ana 
'.nerc tneir \ariation is not cloSv.ly controlled, i requeat 
balance checkin^ is iu.,cessaiy. Of course, a nell retful^-t 
ea pov.er supply for the ax.plifiars is also necessary for 
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COl.'CLUblC'd 



Tne objective of t;;io stul. ■'Vus to uetej.uii.c 
the cbaructeristics of su'^’h a control faystu.Ti cis vv^^al. 
lOMiuco tii^: pressure '• c-rr or in tin; scttlint: cl anber cf 
a Ji-ticular blowdo\.’n v/ind tunnel to v.itiiin plus or 
..!inu'3 01*0 pound per s.*uure incii \,ituln ouo second. By 
r-.ferrin^ to F ip; ire 13 it iuay be soon that tne solut- 
ion obtained in tois study can be considered as in 
satisfactory acreejnent v. itii the above stated object- 
ive, Tne values of the constants associated v/ith the 
solution are found in Table II, 

It is recoxmoonded that the desiyn and fab- 
rication of a servomechanism th*-t will exhioit the 
characteristics us set fortn in Table II be accomp- 
lislied, so that satisfactory pressure control in tiie 
subject wi,iid tunnel may bt' obt'_. ineu. 
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COMPUlATKrjS 



DR-^VF CO MPUTATIONS 
Data; 

V/-eigh^ >f arid sterj^z 

Couloinb fr'.c^ion force: 

■^S tic> ti :>c*^ force; 

Valve aerodynamic lift 



10c 38 lbs. 
lbs. 

approx. I. jO lbs. 
See Plate II. 



Assumed coni ig'. ration : See Fig. P. 

/ ^ 

Acceleration lorces Assuming a maximum acceleration of 6 ir/sec , 
Force • in x a (0o5) ^ 0.254 lbs. 

It^al Force*- Neglecting Lift Force other than the 6 lbs. for v,’hicl 

the valve is compensated, 

+ F =3 0.25 -t-l.£3 + 1«0C =3 %4S lbs. 

y/ork/sec r:-|'^ired of motor; 2.48(t ZT b.31 ft. lbs . 

(10) i . t) sec . 

♦ 

Required Horsepov^r; O.0CO66‘4 HI © 



Motor Data: Diehl, Navy type CDA '"11152, Max. o.itpat:= 5*2 watts or 

. '\'693 HP ^ 3.5 os. in. t< rque and 2u00 rpm© 

If moto. is to s.ocelerate ber//een zero and 200D rpr. in sec ^ 
the torque vary from 5.4G to 3.5 oz. inches. This v;ould be 

equivalent t > o^'eratj.ng at 4.7 oz. inches and loO ;• rpm conK^tar*!, 
for one half second. 

Work/sec ='4. 7)(1000)(2 x 3.14) - -.56 ft. lbs. 

~n*- ;(1^) (60 ) - 880 

Biis compares to ..31 ft. Ibs./seo required by the 2.‘iS lb. 1' d. 






l>iU3 he motor would deliver a force of 20.5 lbs. at the valve 



8 tern 




X 20*5 lbs 



In order to exert a 20.5 lb. force on the valve stem, the 
average torque of 4.7 02 . inches must act through a gear train: 



After a solution to Casel was found, greater control forces 

y<ere required to give a larger margin of available control motor 

force. Bie Eiehl, Navy tyj>e CDA 211426 servomotor was available, 

which would operate between 8.4 and 11,5 oz. inches over the some 
rpm renge. equivalent constant torque in this case is 1 #4 

oz. inches, and the motor v/ould deliver an average force of 

56.7 pounds to the valve stem. Ihe gear ratio necessary for 



(4.7) X 2'. 5 

W) 



X S5 6y.7 gear ratio. 



this motor would bo 87 to 1. (u6.7)(I6) ^ 87,0 gear ratio 
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0.008 


0.003 


3.33 
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333 
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0.0112 


0.36 1,63 
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'leterni.Mc.ti .^julo.i.b 
rvlction ^’orce ivl '^.i^hz 



Up I'oti:>n 




T "at" on 


lbs. 




lbs. 


11.50c 




9.^-0 


11.627 




. .31? 


11.S/+/. 




'■■'.063 


11.406 




0 T '. l ' i . 

y • ^ 


11.656 




9.C63 


11.625 




9.122 


11.563 




9.156 


1 ,• X - , + .; 
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9.156C-F 


T ’ = 
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10.32 


lb 5. 


F = 


1.23 


lb . 
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Sketch of ProjDoseoJ DriVc, MechAoism 



F.G-.2 



n 




Sketch Xndicatin^ Method Used to Measure 
Coulomb Fyiction <^nd l^ei^hi of V alve 



Rgt. 3 



^ TZ — 



I 




Sketch Indicating Method Used to Measore 
“Lift** Force of l/alve 



Fi&.H 



I.S 



II 



+ X 



Valve Closed 

All diipldcemcnt s and forces 
are measured positive from 
the closed to the opened position. 



Valve Opened 



Coordinate System 



Fio.5 
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Fig. 7(a)* Control Force . 0»3j 1/^2* l/icg« 0.008, 

all in megohms. 

Fig. 7(b) X £e x 500* K.Pd=-6 volts. Constants same as 7(a). 

“2 * 




Fig. 8(a): Coulomb Friction Force . Constants same as Fig. 7(a). 

Pig. 8(b): Same eis Fig. 7(b). 

— 




inA 




Fig. 9(a) t Control Force . Constants same as Fig. 7(a). 

Fig. 9(b) t 2fi X 500. K<Pda*f6 Tolts. Constants same as 7^a). 
“2 ^ 




Pig. 10(a) I 
Pig. 10(b) I 



£e* Constants same as in Fig. 7(a). 
Sbjuo as Pig. 7(b). 



— 




i 





Fig. 11(a): 
Fig. 11(b): 



Conatazxts same as in Fig. 7(a). 

"2 

Same as Fig. 7(b). 




Fig. 12(a): Same as Fig. 7(a). 

Fig. 12(b): Integral Force x 500 . Constants same as 7(a). 
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Fig* 13(a) » Control Force * 0*16| l/i^2 0»00S| l/icg 0*001« 

all in megohms* 

Fig* 13(b) I ^ X 500. Constants same as Fig* 13(a)* 

2 




Fig. 14(a)* Coulomb Friction Force * Constants same as Pig* 13(a). 
Fig* 14(b)* Seme as Fig. 13(b)* 
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Fig, 16(a) « Constanta same aa lS(a), (b)i Saoa aa 13(b). 
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G le dt X 500. Constants same as Fig. 13(a), 
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